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"Page I of35

.* EFFECTS OF TYPE OF POLARIZATION

.' ON ECHO CHARACTERISTICS

"A. ABSTRACT

By the use of a scattering matrix the dependence of echo upm tranmitting and

receiving antenna polarisatims for a particular radar target can be described by the

variation in aisolute value of a complex bilinear form. Frm a study of this exrea-

. sion the antenna polarisations which yield maximum return, an wall as those Phich yield

zero return signal, may be found. ihe discriminatian that a particular choico of

antenna polarisation* gives between a desired target ad ma undesired target, such as
rain clutter, can also be studied quantitatively by this mans. A consistent method

of identifying targets by their scattering properties is also indicated.

A graphical maen of preamting polarization depeAnence of target echo is demir-

"able in the analysis of response from moe than me target, or moe than wae aspect

of a giva target. Since the polarizatimo yielding musimim ret•arn from a target

varies as that target changes in aspect, the best polarisation for a ranWe of aspects
"? sust be salected. The graphical analysis of such data is rade possible by us' oi a

polarization chart, on which each point corresponda to a particular antenna polarisz-

tic. Points cc conatant echo curves represent polarizations for which the echo is

constant, and the area commn to thes cur• s for several targets my be studied to
select the over-all optimm polarization. Several types of polarization charta are

studiad, and the relation of these charte to a trhee-diimaiual polarisation chart

am a sphere is &bomn.

Deltermination of the acattering matrix of a particular rader target is beat made"maen of a mcdal mothod such as "sed at the ta a Labortor of the fbpartt of
Electrical EagineeringT. Us Chio Stat* thieraity. The scatteris matrix containa

impaortanat phase factrs which must be detemined. 1U massuriazg techique is greatly
simplified if the des•a•d informatin man be otained solely fron implitude messare ts.

A mAthod of detaeiuinic the ampla-w ds. phaue of thE cm-lenta of a target

scattering matrix by smplit-de wnee um ts slcame is discuased. Seven anoitude

masurema mout be mk to completely etaemine the scattering matrix.

Apparatus far masuriag the scattering amtrix has ben developed. and several
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* prmliinary testsan dcribed.

. PURPOSE

Whis Fourth Quarterly Prosres Eport is to be a smary of the theoretical
studies of the effects of antenna polarization upon echo characteristics made during

the, period 15 June 1969 to 15 June 1950.

C. FACTUAL DATA

I. T[EOBETICAL STUDIES

a. Use of Sea.ttsring Matrix
(i). Description of Coordinate Axes and Polarization

Since several methods of representing the polarization of ma

ellipticalli polarized wave are in use at present, the conventioa used in this discus-
sion will be defined.

* Cmsider the coordinate system shown in Fig. 1, with a target
located at the origin, and the trammitter at a large distance r from the origin along
the s-axis. In a plane perpendicular to the x-axis two orthogonal unit vectors are

Sc hosem to define the positive 9 and 0 directions. At a point P, skere the poiarization
of a wove traveling along the s-axis is to be studed, two identical. coplanar, linearly

polarized dipole antenna are placed parallel to the 0 and 0 directions. MW voltages
induced in the 0 and 0 directed dipoles are reWeenated by ES and 9. Tea too

voltages my be expressed in complex notation by:

*j /2E,0 -E,6

vhere an art real and positive,. sad S is the puase lead of a'er % The

# go

two "Witaies. and E04 , ad the phse ewle plus the directica of propw tim,

* ~daacibe the wave completely. If a wave traveling from the transaitter toward the
taret .(or origin) is demoted by the superscript .t.. d.a wove trsveling from the

target (or 6-eigw) by the supaercript *.then a transwitW oev sew hich iniduces

Voltges Es- sad EO in the teat antawsa woxdd 14 represented an a too-caugxeint vector:

E (2)

Similarly. a reflected save which iunuces the "m vwitages in the teat stenna wiold

2
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"S.

4. ~be repreamted by

E E (3)

"A transmitted and reflected wave represented by the same two components in this refer-

ence system will actually have polarization ellipses which are inclined at supple-

f. mentary angles to the conwon reference axis anO have epposite senses of rotation,

"looking in the direction of propagation in each case.
.4

(2). The Scattering Matrix

In general, the pelarization of a plane wave which falls upon a

radar target is chaned upon reflection. This is due to two phenaomena: selective

reflection of the several components of the incident wave; and coupline between one

component of the incident wave and the orthogonal component of the reflected wave. If

A r

,%

"e
I"

o.4

Z 7Fig. I Coordinate system.

the incident. plane ove is lif'eerly polarized in the ±6 direction. tle

3
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ThU reflected wave at a large distance r fror the origin is essentially spherical and
contains only transverse caqpments. which can be measured by the test antenna as

E r (5)

The caipmata of the reflected wve" are related to the incident wave linearly:

(6)

where

at

Sivilarly, if the incident wave ia lieamrly polarised in the 0

direction.

tbA reflected wave at a large distance r would be givta by

where

r'. (o'%2E

4



a o ro(11)

622 0

By the auerposition theorem, if the incident Owe lere to consist of both linearly
polarised cvomt

u~tE .(~)(12)

the reflected wave will Le gim by,

E E + E' C.3

or in mtrix no"atim,

' I

d (- (15)

is knoon as the scattering 'strix,1 eM Cappletely desrewinte he poleritatio t.rasu-
foaming propertiea of t6h tarpt in the refereuce directioa by the equation

F I
E . ,A E• (16)

(3). Vector £AteaS4 KOIl*t

Ina s viva direction tshe tmr itti. wad w- eiving properties of
an &at*=&a sy be de•ribed by * tLuo-¢caeast vector hbeight to defined tihat, it the
&At4a iS used for MA&Mkittim. the ,OluSa of the WO tsWaVwre cG$ePaft of

tratumittad field at a lar•e distance r frem tha s&a s im the refereaco dtrtcticm are

gi ve n by: Z . , i

Zk r '17)

. it
•r

-- -- -- -
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neglecting a comon phase factor which depends upon the distance. Z, is the impedance
of free space, It the terminal antenna current, X the wavelength, and he and . are the

W. canponents of vector antenna height in the positive 0 and 4 directions respectively.
This relatica wy be expressed in vector notation as:

I tZI iS.'.Et htEt.-.h- . (18)

2X r

If the antenna is used for receiving, the value of the terminal voltage developed by

an arbitrary plane wave incident upon the antenna from the reference direction is

-r. r r r E r--
"V". ha e ..h (19)

r t
where the vectors and h are identical for the s&ae antenna.

Cm6bining the relations

E .oL h'
2Ar

1
"Er - A L (20)

VP - Er .h'

ZIthe eqaion

t h" A h (21)

is cbtained. For a given input power and target range, the eV~ituxde of the received
voluaq is p'oportioul to a quantity Q, were

Q-. -h' A h'i (22)

Mw].n verticsl lines denote absolute mapitude of the eclsaed atityh is the -ector
"heigbt of the tr*Awitting antenna. h is the vector height of tht receiving anterm.

and A is the scattering retrix of the target. For a given ipt power to trnw.itting

anttana. the received power is poportional to

It is aufficient to study the behavior of Q2 for various choic, a of h" aM he, t
-etesmina the reasps of the ,atema-tarp.. iystw (o•r veriam ty"e of polarzatia%.

6
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Since, in Fp:actice0 the. efiective rcceiving or tranwittinr area of the antenn is. *" ""limited, the condition that the ablolute values of ho and hr be eqal to unity 1s &Iso3imposed. Using the equation for V

.; - -' ,h , (24)
4k. r _73the received voltage for a 0 directed, linearly polarized transmitting antennaand a

4p directed, linearly polarized identical receiving antenna is

Z I
V r (25)

If tran3witter and receiver are icterchanged, the voltage is

V . - 41T (26)

B y the reciprocity theor, Vese nmut be the soe. Hence the scattering matrix is-, a ietric, nd a12, 1 ,2,3

SIn-tead 
of twc orthog-l linearly polarized antennas tuo

Or"thogonal elliptically polarized antennas aeigrt be used to define the scattering"matrix.2  If the vector leight of orte elliptically polarized antf.tut in a linearly
polarized reference 3YZteg is given by

""v elliptically polarized *.ve whia it test rweives wo&ld have o-Ppcnet3

oher* tht asterisk, denote euopk co, ht.tqs. Ut 6t•ei&~ Ofthogonaa to V1 9on)dnot detect kijs eove. heftce

hbere -i. anrbiua.y, daefine the armbotaml @an u.To&.twmtniq. te seattertng. utrixrelative to the new oartAaom l elliptically paolarized reference vectors h. ta h. fam'



the products

all . hl A hl
, I

•- a. a hl A h 2 (30)

a22 Z h2 A h2

where A is the scattering matrix expressed in an orthogonal linearly polarized

reference system, and obtain Io'
A 1 , : (31)

the sae scattering matrix expressed in a system using reference elliptical
polarizations h, and h2 . The advantage of choosing orthogonal elliptically polarized

ireference vectors is that a proper choice rakes the scattering tiatrix real and

diagonal. This process is similar to choosing normal coordinates in mechanics.

(i). Maximum and Minimum Echo and Associated Polarizations

Let us study the variation of Q by using a reference system in
which the scattering matrix is real and diagonal. Then

Q Ih. A ht  (32)

where

A. (33)

Now

t r tr
Q. 0. he al + h h6 a221 (34)

where

jh J + IhtI - + 1h,1 •(35)

The maximum value of Q under these conditions is attained for either

t r V r
he . h;-h,. h , . 0 (36)

or

t t t
he . h. - 0 h . h . ( (37)

according to whether 1a, 1i > Ia22 1 or I,,I > I 1 1! . In either case transmitting and

receiving antennas are identical for maximum echo, and the returned signal is of the

polarization that the transmitting anterna be•t receives. These properties are inde-

pendent of the choice of reference vectors. Therefore, if the scattering matrix is

8



expressed in a linearly polar. i reuerenm syaue:*" (a~ a1
A. ) (38)

421 %-2

since the returned wave rmist be of the p.laatizaLiou, which the transmitter best receivesAh ..

where the asterisk de-iotes ccrplcx z:anjugate, Then,

""at ..- II'op, A hopi ,. I= 1ho,, hH jp H (40)

"and the urvxij'tv echo is proportional to j.1I . Taking the complex conjugete of eq. (39)

A pt ax'° h0 • , (41)

Ccvbining,

04 " A hop•t X* X hopt
(42),-:.(A A - I. ) hopt ' 0

The optirmtu h is an eigenvector of A* A, and the maximumt echo is the larger of the twe
roots of the seculer deter-inant. Mos

2 b +V U (43)

where

* (44)
C•. il a o212 + a,,1" + jo,2 a,,1 I2 + a, -a.,1 laI2 (all + a

The ,-ptizu polarization is given by

Since the maxi-tw return con .'wayx be achieved using the saa'e antenna for transmitting
an.d receiving, optimum perion-ance will be sought in this class oi trans.-tter-recevev

choices. The polarizatims which yield zero echo return are given by

1~~~l a""1' h h h}1

.211~(14 ho) •/ •
•j O, h o• * ~21,0h •+h

i 17 02 (47)

t.,



h - *i2 -. . .. . o -z-(48-A
""12 ±1, "-Z %•

With the condition Ih.1t + Ih," I-. 1 this is sufficient to determine the two choices

of transmitter and receiver polarization which yield echo retitrn.

(5). Dlscrimllnation When Clutter Is Isotropic

Suppose that a choice of antenna polarizatims is desired which will
yield zero respo.se to an isotropic target, but a maximum response to a nonisotropic

target. In a circularly polarized reference system, an isotroc target has a scatter-

"• jing matrix of the form

A. ) (49)

- since a right-hand circularly polariza-1 antenna used for transwitting and receiving

develop. no terminal voltage when illuminating an isotropic tariet,nor does a left-

hand circularly polarized trqnsmitting-receiving antenna. The returned eave is ofo,

the opposite sense vo the transmitted: therefore the off-diagonal ters in the sca.te. -

. ing matrix are equal and nonsero. The type of transmitter-receiver carbinations that

. yield zero response frw' uch a target are given by

"r r 0 I A~sh~~~O .(510)

ht .r• + h Ih, r 0 •1

1h 12 + 1412 1- 1 +r 2h' *(2
,, , •, - l'• 1h I , (S2)

this condition requires

IM)

n 1

"" Thus there are an infinite nurber of cbinstioa. of tranwitter an receiver

polS:.iQLiions which give zero echl from in isotropic target. We now deteruine which

" of these ca'binetions gives mwizni eche fraw a nanisotropic taMt, with a scattering

. matrix (in a circularly polarized reference system)

- 10
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For the given class of tranwitter-receiver cambinations

421 02/ h2

Qu a2, ~a~ ~ (56)

3The choice of h, and h2 which makes Q a maximum, subject to the condition

. �h�Jl 2 + Jhj• . 1 , (57)

is again

hi = 1 h2 = 0
or (58)

h 2 a hi M 0 ,

depending upon whether Ia11 > la22 , or IG2,2  > 1,,I. The maxino return from an

nonisotropic target will be siuultaneonsly achieved with zero from isotropic clutter

for either right-hand circularly polarized identical transmitting and receiving

antennas, or identical left-hand circularly polarized transmitting und receiving

antennas, depending upon the target. Note that these two choices of transmitter-

receii .r combinations are the only ones in this class for which transmitter and

receiver are identical.

b. Analysis of Data
"Caen the scarttring matrix for a single aspect of a radar target has

been determined, the p.lmra.zation which yields maxirwm or zero echo return may be

"found by methc•l already discuised in this report. For a range of aspects of one or

more targets, hevever. un over-all opti•wa polarization is desired. If. for each

sapect of a -Tiven target, 0-e complete polarization dependence of echo return can be

depicted graphically, then the optim- polarization for a range of aspect- can be

"selected by a stntdý of the superir-posed charts,.

"A groph.-cal presentation of the polarization denndenc• of echo return

"may be made by the use of a poleri~ation chart, on which each point corresponds to a

part;eular antenna polarization. If the 3a& aO %1UVGa i& used for trE.nspitting and

receiving, comtrtnt echo cu.res my be d&awn on this .tlart, along which curves the

echo return frv a given --Rt rerains conspar.t. Several types of polarization

chrrt: are available. The q-plawm 4 rmpresentation of polarization is c desirable one

since the Op&cO-fized "nIL oi the major axis of the polarization elline as well as
its ell;?tic-ty are ýi"-ply related to the coordinates in this plane. If the vector

height of an 4atenna in a circularly polarized reference system is



Fig. 2 q-pe~ne Purzt chart.
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° ..

. uhh- ), (59)

then a cowplex quantity

qmVt (60)

ia defined. Plotting these complex points on a plane in the usual onner yields a

representation for which each antenna polarization corresponds to a single point. The

origin corresponds to circular polarization of one senaee the point at infinity to

circular polarization of the other sense. Circles about the origin describe contours

of constant Iqi along which the ellipticity regains constant, and radial lines describe

contours of constant arg q , along which the space-fixed direction of the ffiaor axis

* 3remins constant. The ellipticity is given by

i+ Iqi
S Eu- (61)

~i - Iqj

and the space-fixed direction of the aM'ior axis is an angle 0 fror the reference axis

where

2• . argq . (62)

Since the region outside the mnit circle in this representation contains all the

polarizations of one sense, and the region interior to the unit circle containa all

those of the opposite sense, it is fotmd useful to transfort the region exterior to

the unit circle into the unit circle so that the sane representation is obtained for

left-handed polarizations as for right-handed polarizations. The q-plane upon which

polarizations are plotted consists of two faces of the unit circle. The region

corresponding to right-handed elliptical polarizations is one face, the region corre-

sponding to left-handed elliptical polarizatims is the other face, and coordinate

lines are the siea on each face. Such a chart is shown in Fig. 2. The curves along
which the echo return for a •sample target is L constant number of decibels below the

maximo, are plotted on the right and left-hand faces of a q-plane chart to illustrate

this variation in Figs. 3 and 4. The q-plane representation hts the disadvantage (as

do all plane representations of polarization) of distorting the true distance between

points on the polarization chart, and the constant echo curves are also seen to be

quite ccmplicated. For another choice of reference polarizations, other than circularly

polarized, another chart of this type could be constructed, the distance between two

points on the chart differing from that obtained in the q-plane representation. The
choice of base vectors which will beat simplify the constant echo curves Would be that

"choice for which the scattering watrix becomes diagcnal. A better picture of Jie true
f ofore of the constant echo curves is obtained by the use of a three-dizvensica.al

polarization chart.

13



11k



•- .-.'• • .

I,.

.°9

-."

°'.

• ,- Fig. '4 Consttat c.ho loci on polarization chart (left-handed).

I..

%i



r.-

When proper base vectors are chosen, the scattering ratrix becomes real

and diagonal, and

.', F. (hi h2)1 2)1j 63)

0- 42 h2
2

h2 ( + 2: a J263
Iai - h1 22 a h2  (64)

where h, and h2 are the complex corponents of the vector antenna height in this

elliptically polarized reference system.

j 11 * /2

-, /(65)
.'--" h2 -H2 eJ /

where H and lit are real and positive, and 8 is the phase lead of h, over h2 A

"three-curopent vector P is now defined for each polarization hi . h. by the relations.

(66)

"2

Y H, H, Cos 6 (67)

... fi H 2., " s in g •

Timm.e since

""h "eto rai+ r• • z T(cci pin n h s )

q2 2

22

III~ ta= 1iI1C. 6(

2 4, (a fll 2, , ( ')*(2

c i4a f it' .• ..e c ( 6 9 )
""4 1

• " " The vector P is restricted to a sphere of radi--s r . .To eard, point on the sphere

-" corresponds m~e and only (se elliptical polarization. Now

,le. +' -, I0,,1 2at I ,os 2 (71)

(I +°" 9• ( + )" + = a2,(x- W 2 + 2a, a72 (y - =12 • 7"21

T'he codto - constant fixes the echo return. and ]ivits th~e vector P to lie an

"" ~16



a quadric surface given by

C2 a 42 (z + + o (z -392 + 2a,,a (y2 - z2) (73)

Rut since P rust also lie on a sphere of radius 14 . we are interested in the inter-

sections of this quadric surface with the sphere. If the curves on the s,=rface of the

sphere vere projected tipon the zy-plane. the z- dependence would vanish. The cquation

g of thi . ojected curve may be obtained by elirrinating z frcwr

C%. ax i + 3)+ 4 2  (x") 2 + 2a,, a., (y 2  z2i (74)

z 2 + 2+ Z2 (75)i~4.
or

"C2  (a,, + a,2) (z - + 4alx a•

(76)

1a,- a22\)

2 \al+a.

This is the equation of an ellipse with center at z * d y h0 . Te prolections of

the constant echo cirves on the xy-plane are, thereforea family of concentric ellipses

with the saPe eccentricity. 1The ort.ograpslic prolections to the three principal planes

of the constant ec#,o corves on tJe polarizntion sphere are shown in FIR. 5. Top view

correapeL-ids to looking along the y axis at the sphere front view is looking along the

z-axis, and side view is taken aOong the z axis. le polarization sphere is not a new

concept. 5 and has the advantage of being wi ,udistorted representation of polarizatic.

The q-plane method of representin+ polarization is simply a polar proiection of the

points on the surface of the splere ,,sing two opposite poles of the sphe:re correspond

in# to the choice of reference polarizations. In particular the q plane chsrt we tave
discussed uses right and left-handed circolarly polarized pole points If that. pro-

Jection were made of the curvesa illustrated an Fig. 5 since the poles -ig4ht be

arbitrarily located on the sphere with reference to the optimum coordinate axes a

complicated set of curves oould be obtained Ilouever from a lziowlrdge of the constant

echo loci on the spitere their projection in a preferred set of directions run alw¥ys

be visualited. Cavaprison of the constant edo ctrves for more than one target pay kW

wade on the surface of the sphere itself and the pro-.ction which catiss least dis-

tortion of areas of interest can he chosen.

Several general classifications of radar taortpts are W.'gested by the

for" of the constant echo c,,rves on the po}irizatiota sphere The tr..ves for a given

target are seen tO depend only ipan the separation of the two polarizationj sloich

17
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* sassociated with par-ticular

'S curve or point.

Front

Fig. 5 Constant echo loci on polarilAtiOn sphere.
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yield zero return, and the location of these two points on the polarization sphere.

If the two points on the sphere for which zero echo is obtained coincide, the constant

echo curves are circles on the aur.ace of the sphere, and m.xil'w echo is achieved for

the polarization orthogonal to that yielding zero echo, represented by the diawetrically

P.. oppouite point. A target such as this, for which only one choice of antenna polariza-
e.. tion yields zero echo return, could be called a "linear" target. A wire is a particu-

lar cue of linear target. A "linear" target always returns a wave of a given

elliptical polarization, regardless of transmitter polarization.

If the two polarizations for which zero echo is obtained Are a maxinm'

distance apart (opposite poles) the constant echo loci a" again circles or the

3 polarization sphere, and maxiintm echo is obtained for any point on the equator relative

to the two poles. Such a target may be called a generalized "isotropic" target. A

sphere is a particular case of an isotropic target for which the two poles of zero

return are the circularly polarized poles of the polarization sphere. A general target

would be one for which the polarizations of zero return are located at some distance

intermediate to zero and the diameter of the polarization sphere.

- .C. Measuremeat of Scattering Matrix

.(I). Variation of Scattering Matrix With Coordinate Rotation

In t•e determination of the components of the scattering tratrix by

amplitude measurements alone, the effect of coordinate rotations on those components

""i important.

"If the scattering matrix (for linearly polarized reference vectors)
relative to the unpriwed coordinate syater shown in Fig. 6 is

"a (77)

and the coordinate axes defining the positive 6 and q directions ore rotated by an
angle 0 about the s-axsi to the directions indicated by the primed vectors, the- ec-

ponenta of the incident and reflected waves relot~ive to this ne coordinate systew
trns orb according to:

where the unprived cc9'ponents refer to the original axes and the prived cerranents to

the new axes. The vector height of tranwitting and receiving antennra transfoiw in

19
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the "we mweo; hence

Qu (eh4 (79)
(2I '

Ii 01. CR0)
Q. (81)2) (Co

(-S in C o 2  O~Si 42 Sin 0 Co d,: Sh

p *

.. % " o.: " (%,2 - 01x) "an • eas • * 0= (eos• •- sine •} (82)

]'2
*a,, cs2n 0 + 2a~, sin (P COS 0* + as.. Si2

These equations relate the components of the scattering matrix (for linearly polarized

reference vectors) relative to one coordinate syster to those in a coordiate syster
rotated a positive eagle 0 about the z-axis. If the s& linearly polarized antenma

is used for trmnsmitting and receiving, the equation for a, describes the variation

in received voltage as the antenna is rotated aboat the x-axs. If a linearly
polarized traanuitting antenna and an ort1oagonal linearly polarized receiving antenna

I are both routaed about the x-axis, the equation for a,, describes the variation in
received voltage- as a fuction cf týe angle of rotation. The equation for a- is the

same as that for al 1 , with 0 replaced by + r./2.

The determination of the cacrpenta of the scattering vatrix

"involves the. deternination of three w4p, itudes arAd tao relative phase*. Seven

amp)litude mesaurementa are Pecessary to coppetely detemize the scattering wttrix.

Fror the equation

* (01- - oil)

*2

- (00) . 484)

1 (450) (85)
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-The absolute magnitudes of these three complex quantities can be measured using a

4 ,• vertically polarized transmitting antenna and a horizontal ly polarized receiving

antenna in eaca of the .hree reference pusirion3. A vector triangle tay ve constructed,

as in Fig. 7a, to find the relative phases of the complex quantities. An ambiguity in

the xign of the phase angle of a,, relative to a.2 - a,, arises. The phase of a, 2
relative to a., - a22 is either + a or - a , depending upon whether the vector triangle

S*. is the triangle with solid sides, or the one with dotted sides. A measurement of the

magnitude 4f the voltage received when using a circularly polarized transmitting-

receiving antenna combination yields the magnitude of the vector

+j a12  (87)
2

Chly one choice of phase for a,, will I yield this magnitude; hence the phase of a1 2

relative to a, - a2 2 is determined. Let the two vectors a.2 and a., - a 22 he

represented in Fig. 7b. Weasurement of the absolute magnitudes of the quantities

.a, (00) - a,,
•--' n ,(88)

a "2 (00) x2 (8

way be wade using 'he same lintarly polarized antenna for transmitting and receiving.

The vector triangle with sides a,,, C2, and a, a. may be constructed, with an

I ambiguity in the sign of t'e phase angles 6 and y of all and a.2 respectively relative

t to the reference vector al - 122 , as shown in Fig. 7c. A measurement of the

•" magnitude oZ a11 (451 ) will determine which vector triangle is correct, since only one

will give the correct value for a,, (450) frow the formula

a.1 (450) . (a,, + 22 - 2G12) (89)

°5%.

i' Thus the magnitudes and relajive phases of the components of the scattering matiix

can be determined from seven amn li ,ude measurements alone.

d. Experimental Studies

'(I). introduction

The experimental work on this project has been done primarily in

the second half of the contract year. Because of the nature of the original contract

it was considered only a minor extension of the principal purposes of the contract.

namely, theoretical predictions and analysis of techniques to be used in various

'at 22
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polarization tudie. It was desired, however, to develop special etuipment which

could be used to test the validity and usefulness of the theoretical studies and to

- obtain additional polarization data from actual reflection .easurevents. It was

necessary to develop apparatus with which to measure the scattering matrix of a given

- target for all aspects.

The basic problem of polarization reflection measurements is to

devise a system which transmits waves of arbitrary polarization and is simultaneously

capable of measuring the return echo, whith way again be of arbitrary polarization.

Scattering matrices can be determined from measurements made with

linearly polarized transmitted waves. Since techniques for measuring the ordinary

com•ponent of echo are well developed, the major effort has been devoted to developing

equipment to measure the cross polarized component of echo.

(2). The Measuring Apparatus

Construction of S- and X-band signal generating equipment, to be

used for proposed polarization reflection studies, is underway. This equipment employs

,. conventional tubes as frequency multipliers which drive Sperry klystrons to provide

crystal-controlled, 1000-cycle modulated output at S- and X-bands. The output is

designed to be extremely stable with respect to frequency, power, and modulation

- variations.

Complete descriptions of this generating equipment are available in

V" Project Report 302-28.7 It contains electrical diagram of the system together with a

discussion of the design features and capabilities of each corpcnent. The following

are the only important design changes:

- (a). Instead of a wave analyzer (as shomw in Fig. 1 of Project

.- Report 302-28) with output at 50 kilocycles, a highly selective 1000-cycle amplifier,

designed at the Antenna Laborstoryis used. The response of the amplifier is four

cycles wide at the half-power points.

(b). In place of the standard audio generator (located at a central

point in the laborator-) a 1000-cycle tuning fork source is built into the equiprent.

(c). A linear nplifier in included on the same chassis with the

square root amlifier, rather than an a separate chassis.

Other than the above changes, the generating equipment is

e ssentially as described.
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The first equipment for the proposed polarization ftasurementa

was designed as follows. A variation on a hybrid (or magic) T was built with the two

colinear arts made of one-inch square wave guide. The E- and H-plane arms, correspond-

ing to those of a conventional hybrid T were made of I by ,-inch wave guide. A second

1 by %-inch E-plane arm was placed directly opposite the H-plane arm on the square

wave guide. This apparatus was a form of what may be call a "hybrid X" and was

designed to permit simultaneous reception of both the ordinary and cross polarized
components of the return signal.

The hybrid X system, briefly described above, was only

partially successful. Ita principal disadvantage was the great amount of cross coup-

ling between the two orthogonally polarized receiving arma. This cross coupling was

due to the fact that the two receiving arms were located at the ame junction and were

not perfectly retched to the square section forming the colinear arms of the hybrid T.

The matching could undoubtedly have been improved by the addition of triple stub tuners

in each of the two arms. It was believed, however, that this would introduce other

complicating factors into the operation of the arns. The two receiving anrs are shown

in Fig. 8. They are designed for superheterodyne detection with an intermediate frequency of

30 mc; hence efficient mixing action is highly important.

Even though tests showed the two arms responded primarily to

linear components of the return wave separated by 900, there was still sufficient

distortion of the fields at the common junction(and reflections at the mouth of each

arm)to greatly decrease the effective isolation between the two arms.

A second difficulty concerned nulling techniques. The basic

problem of nulling is to design the receiving systeM to obtain a high degree of

discrimination against the outgoing wave in favoer of the incoming or reflected one.

then this discrimination has been achieved the receiver is said to be nulled. In the

hybrid X system the nulling probes, which consisted of two sets of three probes each,

were not completely independent of each other; for even though the two sets of probes

were mounted in perpendicular planes in the square guide, there still was interaction

between the two sets. Caosequently, the adjustments of the probes to null the ordinary

receiving arm upset the nulling of the croas polarized receiving arm and vice verse.

These inherent difficulties of the hybrid X system indicated certain desirable changes

in design.

The present measuring asseobly, exclusive of all signal

generating equipment, is shown in Fig. 8. it was developed from considerations of the

disadvantages of the hybrid X system. It sas desired to obtain a system in which the

two orthogonally polarized receiving arm. are were independent of each other, that is,
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I le. respond only to their respective polarizatioms with little or no cross coupling. To

accomplish this the two receiving arm are effectively isolated by leaving the ordinary

receiving ar .as the E-plane arm of a hybrid T, and placing the cross polarized

receiving arm on the side of a 12-inch length of one-inch square wave guide. This

square section of guide is then connected to the output colinear at" of the hybrid T

S..by a tapered transition section as shown in Fig. 9. The tapered transition section

acts as a wave guide filter for the cross polarized component of the return signal;

hence the two arr* are effectively isolated as far as cross coupling is concerned,

S"..provided rotation of the plane of the cross polarized cmpmonent, while passing through

"the square section and the transition section, is held to a low value. If symmretry is

" maintained, only the ordinary co•ponent passes through the transition section to the

3" hybrid T".

While this wethod seemed an adequate solution to the first
-0 .difficulty of the hybrid syste', that is, cross coupling between the two are*, it

appeared likely to increase the difficulties of obtaining simultaneous nuils in both

_ receiving ams; hence the problem of nulling the croes polarized receiving arm was

considered in asme detail. The use of a phasing line and attenuator system was

. considered to introduce a signal frca the source into the cross polarized arm. If the

signal is of the proper phase and amplitude, it will cancel the residual signal picked

* up by that irw from the transm'itted wave. The residual signal would be produced by

the alroat utavoidable rotation of the transmitted E vector in passing through the

transition and square guide sections. It would be a cowplicoted system of nulling,

however, and subject to problem of vibration effects and operating stability.

In order to obtain a more simple and stable null, a sirl]

"probe was inserted at a point along the side of the square guide section at the proper

position, depth, and angle to couple a signal of the required phase and amplitude into

the cross polarized srm to cancel the residual signal in that amt. Thus with no target

in place the resultant signal into the cross polarized amn was very nearly zero, which

satisfied the required contition for a useable null. The cross polarized null was

adiusted first, and then movemnt of the ordinary nulling probes Iad little effect on

the cross polarized null due to the isolation provided by the tapered transition

Section.

"The transpitter input source consists of a 3.33-o- crystal-

controlled output of several rilliwatts square-wave modulated at a frequency of 1000 cps.

.Referring to Fig. 8, the usual procedure is to feed the transmitter input with the

0." E-plane horizontal into the H-plane aer of the hybrid T. The Ioed arr of the T is

connected to the ordinary nulling section which consists of three retal probes 1/16-inch

in diaemter protrudiAg into the guide parallel to the E vector. Mheac probes are

21..-
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screwed into the guide using extrevely fine threads.

The ordinary nulling section connects to a commercial.

attenuator-card--type, dwm'y load. Approxirately one-half of the input power is absorbed

in the dummy load. The revaining half of the input power passes through the transition

section into the 12-inch square guide section and thence to a square horn.

A short piece of rectangular (1 by %-inch) wave guide branches

off the middle of the square guide section and receives the cross polarized component

of the return signal. The nulling probe, inserted vertically through the wall of the

• "square guide opposite the rectangular cross polarized arm, is shown in Fig. 9. This

probe is a short piece of No. 22 copper wire erbedded in a l3-inch length of 1/8-inch

diameter polystyrene rod. The piece of wire embedded in the rod protrudes about 7/32-

inch into the square guide without touching the wall of the guide. The nulling depth

and angle are determined experimentally. When adjusted properly the probe gives a
very satisfactory null in the cross polarized arm. After the cross polarized arm is

aulledthe nulling of the ordinary receiving arm" (still with no target in place) is

accomplished with the three metal probes in the ordinary nulling section. As mentioned

previously this adjustment does not affect the cross polarized null, but the converse

is not true. Tus by several very careful adjustments it is possible to achieve m !1s

in both receiving an-s sirultaneously with full power outpit.

It has been found desirable when raking measurements to
'" ~transmnit ho.rizontal polarization to minimize reflections from the ground. The horn used

is 17 wavelengths long witJh a total flare angle of 11'. With this horn difficulties

were encountered from multiple reflections due primarily to the presence of ainor lobes

" in the E-plane pattern. Operating with the target at a short range and transmitting a

horizontally polarized wave, the effects of imiltiple reflections were decreased but not

*" rompletely elir-inatced.

The effects of multiple reflections were observed by using
metal spheres ranging fra" three to eight inches in diameter as targets,and noting the

variations in amplitude of the return signal as the spheres oscillated slowly in a

horizontal plane. Large percentage variations were observed in the return to the

ordinary receiving arm. These variations were nich larger than those which would have

resulted if only the effect of tite varying range were present. In order to minivize

". these effects and increase the reliability of the measurements obtained with the system

especially with large rodels and extend-d targerz such as rain, a new horn has recently

"been completed which has a sharper bear, larger sperture, and no minor lobes of any

importance in either the E- or It-planes. This horn is 55 wavelengths long with a total

"flare angle of 110. A test of this horn showed that the variations in the aiplitudes of
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"" the return signals fror several spheres due to small otions were not preater than plus

"or minus three per cent.

(3). Tests of the Measuring Assembly
• . 11he following results have been obtained in determining t~le over-all

• response of *"3 measuring aeverbly.

(a). A straight thin wire gives rnexismm, return in the ordinary

polarized receiving arm when the wire is oriented parallel to the tranaritted E vector.

"* The return signal in the ordinary receiving aer decreases st least 35 db as the wire

* is rotated 900 in a plane perpendicular to the direction of propagation.

S(b). A thin wire at 450 to the vertical givs maximm return in

the cross polarized receiving am. A vertical or horizontal wire gives noise level

%• response (at least 30 db dow) in the ame receiving arm.

% (c). A thin wire at 450 to the vertical gives comparable return in

P both the ordinary and cross polarized receiving arms.

"(d). The return in the ordinary polarized arm from a metal sphere

is large while the return in the cross polarized arm from the sam sphere is at least

S35 db down, " it should be.

I (a). Crudely simulated rainfall gives a large return in the
"ordinary arm. Ihe ame simulated rainfall gives return erem than 40 db doan in the

"cross polarized arm.

(f). The sensitivity of the system is auffi ' m-t to record the

- effects of single drops and small metal bells 3/16-inch in diameter ms they fall

through the bew approximately 10 feet from the routh of the horn. The return from

the single drops or the small balls is observable only when using the ordinary
*'. polarized arm. No return is indicated from these in the cross polarized arm

I (u). Preliminary teats using a model of the F-80 (1/20 scale) with

the wings horizontal, and transmitting a vertically polarized wave, indicate large
fluctuations in the return to the cross polarized arm s the model is rotated about a

vertical axis. The variation between the maxinm broadside return signal and the

* turn signal when the no" or tail is head-<n is more than 4n db.

"Further details of the above test are:

(a). This measurement ws made " using a vertically polarized
j tranAmitted signal. As in all these tests, the apparatus wa first nulled properly in

"* both receiving arms. A 6-inch wire. 1/16-inch in dia•eter,was suspended vertically,

and the auplitude of the ordinary polarized corpoient returned fron the wire was

* 30
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Soberwd am t00 siPdax recorder. TM. wire was than rotated 90° in a plane
pependicular to the direction of rpagatiom and a second reading vas.

(b). In this maauem t a horisontally polarized wave wsa trans-
Bitted. he sam thin wire used in (a). was placed at an =gle of 45° to the vertical
and rotated about a vertical axis util peak return was indicated. The wire was then
rotated about the direction of plopigptian in steps of 5° or 100 (measured with a

am transit) and the mplitude of the return signal in the cress polarized am was reamured
mad plottedWa shown in Fig. 10.

- .I I I 4 --.....

- I~- -q- -.

-i - Cross Pomo, A,, -r- -

-J -r ii +' -'7-7

I 1 4 DEGREES OFF VERTICAL _-_. - I -

1- 24 40" 6050 90

Fig. t0 comparIson of response curve of cross polarization

sru with theoretical A, *•n B roe B curve.

The two curve shown in the Ligure are nozulized to have a
cams pot at 8. 450; fot succasaiv points ware obtained by rotating the wire
thr u u nm angles on bo~th sides of 450 Further calibratio work mit be done,
hower, before a urve suich as thia can be used a- a standard for the characteristicsof t cross polarized ar.; for an acuirate calibration of the rAceier at the pin

setting used i/e not available. The curve is included irimarily to ahow the generalshahe of the rrespe curve of the cross polarized are in ccpariaon with the ideal

etA & cue 0 relation.
(C). To obtain this ainreat the af m wire was alzin placed at
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an angle of 450 with the vertical. When transmitting either horizontal or vertical

polarization, the return should be of the sam amplitude in both aris. This idea!

condition has not yet been obtained due to a small mismatch between the cross polarized

% arm and the square guide section. which causes the sensitivity of this anm to be six db

"down with respect to the ordinary arm when using the small horn, and 14 db down when

using the newer horn, on which matching adjustments have not been completed. Since

* these differences in sensitivities between the two arms are constant during any set

of measurements, the necessary compensations can be made in the pin of the receiving

equipment to give equal speedomax readings in both arms with the wire at 450. It is

expected that matching adjustments can be made when using the new square horn which

will bring the differences in sensitivities within six db or less.

(d). The 35-db figure given here is the lower limit of the isolation

between the two receiving arms. It has not been possiblethus farto measure the

- upper limit with a useful degree of accuracy. 1he measurement of the lower limit of

* isolation was made by using a five-inch metal sphere and measuring the ratio of the

S return signal from the sphere in the ordinary arm to that in the cross polarized arm.

-he return signal in the cross polarized arm was undetectable and taken as noise level.

The six.db difference in the sensitivities of the two arm was taken into account to

- obtain the figure of 35 ',. To obtain the upper limit of isolation between the two

arms it will be necessary to use a target with a back scattering matrix like a sphere,

and with an extremely large echo area (perhaps a large metal disc),before a detectable

response will be obtained in the cross polarized arm.

* The above measurement was confirmed by an alternative method.

Using a 10-inch metal sphere, noise level response was indicated in the cross polarized

arm, and the speedamax reading of the noise level was noted. Leaving the sphere in

place, the receiver was changed to the ordinary arm,and the necessary attenuation

inserted to give the same reading on the speedomax. The attenuation inserted was 38 db

" in the audio line and approximately 18 db in the intermediate frequency section of the

m; AIT-4 receiver. Subtracting the six-db difference between the sensitivities of the

• two receiving arms yields an isolation figure of approximately S0 db. This is a good

check of the isolation figure of 35 db given previously, and it also indicates that

* 35 db may be too conservative.

(a). Rainfall was siuilated by using overhead hoses and showerheads,

with the drops falling approximataly 9 to 14 feet before reaching the center of the

beam. Wue to varying wind conditions there was a large variety of shapes and sizes of

"drops. Nevertheless, this simulated rainfall gave retuin in the cross polarized arm that as

"Mmre than 40 db down from the return in the ordinary polarized arm.

(f). and (g). There are no further details at present to add to
these two sections.
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It should be pointed out that all measurements to date have been
carried out with borrowed equipment, and under these conditions it is not possible to
state the exact quantitative accuracy of the measurements included herein. In all
cases conservative values have been given.

D. CONCLUSIONS

No advantage is to be gained in maximizing the echo from a particular target by
the use of different antennas for transmitting and receiving. It is possible to design

* an antenna which, when used for transmitting and receiving. will make the radar system
"blind" to a particular tirget. Discrimination between rain and aircraft echo rasponse

will be dependent upon differences in the form of the scattering matrices of the two
targets. If rain can be considered an isotropic target, the maximum echo from non-
isotropic aircraft will be simultaneously achieved with zero return from rain, using
either right or left-handed circularly polarized antennas, depending upon the nature of
the target.

A systematic study can be made- of the polarization properties for various aspects
Sof a given target by the use of constant echo curves on a polarization chart, and the

optimum polarization for a raage of aspects thus determined. Use of a polarization

sphere, upon which each point corresponds to an elliptical polarization, simplifies the
form of the constant echo curves and aids in classifying target properties.

Determination of the scattering matrix of a target by the use of amplitude measure-
santa alone, is possible. Seven amplitude measurenta are necessary to deteruine all
components. Present equipment and measurment techniques are adaptable to this method.

E. PROGRAM FOR NEXT INTERVAL

Simple wire arrays will be constructed with predictable scattering matrices, and
Bwasurement of polarization properties compared to theoretical predictious.

Plosibility of meauring circularly polarized echo returns will be studied.

Theoretical analysis to determine optima polarization or polarizations for
ccmpleuily general targets to eliminate "blind" aspects of target, if possible.
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